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Abstract In this study, gel membranes of chitosan-
g-poly(ethylene glycol) dimethacrylate (CS-g-PEG-
DMA) with pH sensitive properties were synthesized
without employing any photo-initiator and cross-
linker. First, CS was endowed with UV-sensitive
property by reaction with cinnamoyl chloride in
methanesulfonic acid. The reaction mainly occurred
on the hydroxyl groups of the pyranose unit, while
most C-2 amino groups were protected. The substitu-
tion degree of cinnamoyl group was 0.98, while the
protection efficiency of –NH2 was about 80 %. Upon
UV-irradiation, initial free radicals were produced
only along the cinnamoyl-modified CS chains, which
induced the grafting of PEGDMA from the chitosan
chains and eventually the crosslinking. Increasing the
feeding amount of PEGDMA increased the grafting
ratio as well as the crosslinking density. The Tg value
decreased from 161 C for the pure chitosan to about
90 C for the CS-g-PEGDMA with a grafting ratio of
1.29. Two stages of degradation correspondent to the
individual degradation of CS chains and the PEGDMA
chains were observed for all CS-g-PEGDMA copoly-
mers, demonstrating their nature of graft copolymers.
The tensile mechanical properties of the CS-g-PEG-
DMA membranes were affected by the two opposing
factors: inter-connected soft PEGDMA chains and
crosslinking density; and the optimum properties were
achieved when the grafting ratio was increased to
about 0.80. By combining CS and PEGDMA compo-
nents, these copolymer membranes thus have the
potential to be used as biomedical membranes.
Keywords Chitosan  Poly(ethylene glycol)
dimethacrylate  Cinnamoyl chloride  UV
polymerization  Graft copolymer
Introduction
Chitosan (CS) is a linear polysaccharide composed
mainly of D-glucosamine and partly of N-acetyl-D-
glucosamine units. CS and its derivatives can be used
as the materials for tissue engineering, artificial skin,
wound dressing and drug delivery (Harish Prashanth
and Tharanathan 2007; Rinaudo 2006). They demon-
strate numerous noteworthy biological properties such
as biodegradability, biocompatibility, as well as
antibacterial and nontoxic properties. However, CS
is a brittle material and can be dissolved only in the
acid solutions. Many methods thus have been tried to
improve its properties. Among them, modification
with poly(ethylene glycol) (PEG), PEGylation, is of
interest for many years. PEG has been proved to
exhibit a very low toxicity, good blood compatibility,
low immunogenicity and antigenicity due to its
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chemical inactivity. Because of these reasons, it has
been utilized comprehensively in biomedical and
chemical fields. Moreover, it has no negative effects
on protein conformation and shows good ability to
protect the activities of enzymes (Colonna et al. 2008).
Therefore, PEG has been widely applied for improv-
ing biocompatibility and hydrophilicity of many
materials by blending, chemical modification or
copolymerization. Peng et al. (2010) synthesized a
CS-g-PEG graft copolymer in an attempt to increase
the water solubility. Bhattarai et al. (2005) prepared a
CS-g-PEG injectable thermogel by alkylation of CS
via Schiff-base reaction with a PEG-aldehyde. When
more than 40 wt% of PEG was grafted to CS, the
aqueous solution of the resultant copolymer was an
injectable liquid at low temperature and transformed
to a hydrogel at body temperature. Liu et al. (2006)
grafted the isocyanate-terminated PEG onto CS
regioselectively on the hydroxyl groups. A series of
reactions including protection, graft and de-protection
was utilized through phthalic anhydride as the protec-
tion agent for the amino groups in order to preserve the
biological functions of CS. Because of the excellent
hydrophilicity of PEG, the produced CS-g-PEG had
higher hygroscopicity, better moisture-retention abil-
ity and improved solubility than the original CS. Mao
et al. (2005) investigated the uptake and transport
mechanisms of insulin in the nanocomplexes formed
by the self-assembly of PEGylated trimethyl CS
copolymer with particle size between 200 and
400 nm. The formation of insulin nanocomplexes
significantly enhanced the uptake of insulin in Caco-2
cells by adsorptive endocytosis. Lin and Chen (2007)
tried to prepare CS-g-PEG-galactose through hydro-
xyl groups also using the phthalic anhydride to protect
the C-2 amino groups. A high degree of O-substitution
of chitosan by PEG indicated that PEGylation of CS
occurred both on C-6 and C-3 hydroxyl groups.
Further galactosylation onto the hydroxyl end group of
the PEG allowed CS-g-PEG-galactose to possess
sufficient amount of targeting moieties for asialogly-
coprotein receptor on hepatocytes. The biocompati-
bility of CS-g-PEG has been investigated in several
reports (Adali and Yilmaz 2009; Li et al. 2009; Zhong
et al. 2010). Adali and Yilmaz (2009) grafted poly-
ethylene glycol dimethacrylate (PEGDMA) onto
CS by using a redox initiator and proved that
the CS-g-PEGDMA had no cytotoxicity. Li et al.
(2009) synthesized hydrogels based on water-soluble
chitosan-ethylene glycol acrylate methacrylate
(CS-EGAMA) and polyethylene glycol dimethacry-
late (PEGDMA) by photo-polymerization with a
photo-initiator. These hydrogels exhibited no cyto-
toxicity toward growth of L929 and SW1353 cells.
Zhong et al. (2010) also proved that hydrogels
synthesized from maleic chitosan and polyethylene
glycol diacrylate were relatively non-toxic to bovine
aortic endothelial cells at low dosages.
Specific initiators and crosslinking agents are
usually applied in the free-radical polymerization for
the synthesis of gel membranes. Unfortunately, most
of these agents are toxic. When these gel membranes
are intended to be applied on biomedical fields, their
residuals must be removed after the synthesis of gel
membranes (Hennink and van Nostrum 2002). On the
contrary, photo-polymerization provides a fast, con-
venient method without the requirement of heat
treatment. However, photo-initiator is still required
for the polymerization. It is thus desirable to prepare a
photo-sensitive CS that can be directly photo-poly-
merized without the addition of any initiators (Ishihara
et al. 2001; Ono et al. 2000; Rask et al. 2010; Rickett
et al. 2011; Zhou et al. 2008). In this study, a photo-
sensitive CS was prepared by introducing cinnamoyl
group into the structure. The cinnamoyl ester is a well
known photo-reactive compound. Its conjugated C=C
double bond can be activated by UV irradiation to
form free radical. Therefore, when the CS was
modified by cinnamoyl chloride, it became UV-
sensitive. Upon UV irradiation, the cinnamoylated
CS (CIN-CS) itself could possess free radicals along
its polymer chain. Subsequently, poly(ethylene gly-
col) dimethacrylate (PEGDMA) was added in various
amounts for grafting directly from the CIN-CS chain,
producing chitosan-g-PEGDMA graft copolymer. The
chemical structures, thermal properties, swelling
ratios and mechanical properties of the resulting CS-
g-PEGDMA membranes were then investigated.
Experimental
Materials
Chitosan (CS) was supplied from Tokyo Chemical
Incorporation (Tokyo, Japan). It had a molecular
weight of 650 kDa determined by a capillary visco-
metric method and a deacetylation degree of 86 % by
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1H NMR technique (Don et al. 2011). Acetic acid,
methanesulfonic acid (MeSO3H) and cinnamoyl chlo-
ride (CINCl) were all purchased from Acros (USA).
Poly(ethylene glycol) dimethacrylate (PEGDMA)
with an average molecular weight of 550 Da was
obtained from Sigma Aldrich (USA). All other
chemicals were at least analytical grade and used as
received without further purification.
Synthesis of cinnamoyl-modified CS (CIN-CS)
The UV-sensitive CIN-CS was produced by reaction
of CS with CINCl directly in the MeSO3H. The
synthetic process was based on Sashiwa et al. (2002)
and Badawy et al. (2004) with a slight modification.
Briefly, CS (3.00 g, 18.0 mmol of pyranose ring) was
dissolved in 30 mL MeSO3H with magnetic stirring
at 20 C for 10 min. CINCl (6.00 g, 36.0 mmol) was
then poured into the CS solution in an ice-water bath
and the reaction proceeded under nitrogen atmo-
sphere. After reaction, 1 N NaOH(aq) was added to
the solution to precipitate the CIN-CS product. It was
then centrifuged and washed several times with
distilled water to neutral. The final product was
lyophilized and had a weight around 5.26 g. The
yield was thus about 58 %. The synthetic route is
illustrated in Scheme 1a.
Synthesis of CS-g-PEGDMA gel membranes
The CS-g-PEGDMA gel membranes were prepared as
follows: Firstly, 0.40 g of CIN-CS was dissolved in
4.0 mL formic acid; subsequently, PEGDMA (0.20–
0.60 g) was added into the CIN-CS solution with
continuous stirring. Finally, the solution was poured in
a Teflon mold and pre-baked at 60 C to reach a solid
content of 80–85 %. Grafting and crosslinking of
CIN-CS chains by PEGDMA were then carried out
under UV irradiation by using a medium pressure
mercury arc lamp from PrimarcTM UV Technology
which provided multiple wavelengths from 250 to
600 nm. The total exposure energy was 2.5 J/cm2.
After reaction, the membrane was post-cured at 60 C
in an oven for 3 h. It was washed with NaOH(aq), then
distilled water to pH7 and finally dried at 60 C for
3 h. The synthetic route and the final structure of
the crosslinked CS-g-PEGDMA graft copolymer are
illustrated in Scheme 1(b). The yield (Y, %),
conversion (X, %) and grafting ratio (GR) values of
various membranes were determined by gravimetric
analysis:
X ¼ weight of reacted PEGDMA/weightð
of initial PEGDMA addedÞ  100 ð1Þ
GR ¼ weight of reacted PEGDMA/weight
of CIN-CS
ð2Þ
Structure characterizations
Structure analysis was carried out with a Fourier
transform infrared (FTIR) spectrophotometer (model
550, Nicolet, USA). For the CS and CIN-CS, samples
were ground into powder and mixed with KBr. The
mixture was then pressed into a transparency disc and
scanned from 4,000 to 400 cm-1 for 32 times with a
resolution of 4 cm-1. For the CS-g-PEGDMA mem-
branes, attenuated total reflection (ATR) technique
was used to obtain FTIR spectra due to their leathery
properties. FTIR data for the CS: 3,367 cm-1 (–OH
and –NH2 stretching), 2,923 and 2,878 cm
-1 (C–H
stretching), 1,657 cm-1 (amide I, C=O stretching),
1,556 cm-1 (amide II, N–H bending), 1,597 cm-1
(NH2 bending), 1,420 and 1,319 cm
-1 (C–H bending),
1,153, 1,078 and 1,028 cm-1 (C–O stretching). CIN-
CS: 3,390 cm-1 (–OH and –NH2 stretching), 3,059,
3,028, 862 and 766 cm-1 (phenyl ring), 2,942 and
2,874 cm-1 (C–H stretching), 1,713 (C=O stretching),
1,635 cm-1 (C=C stretching), 1,203, 1,165 and
1,065 cm-1 (C–O stretching). CS-g-PEGDMA:
2,921 and 2,872 cm-1 (C–H stretching), 1,722 cm-1
(C=O stretching), 1,248, 1,147, 1,064 and 1,030 cm-1
(C–O stretching).
The degree of CIN substitution was determined with
an NMR spectrometer (AC-300, Bruker, Billerica, MA,
USA). Samples of CIN-CS were ground to fine powder
and dissolved in DCOOD/D2O (1/1) solution to prepare
the sample solutions. 1H NMR spectra data for the
prepared CIN-CS: d 2.10 ppm (s, 0.34H, CH3 of
NHAc), 3.20 ppm (br s, 0.69H, H-2 of GlcN residue),
3.50–4.20 ppm (br m, 5.31H, H-2 of N-acylated GlcN
and H-3, 4, 5, 6 of GlcN unit), 4.80 ppm (br s, 0.65H,
H-1 of GlcN residue), 6.50 ppm (d, 0.96H CH=C),
7.10–7.40 ppm (br m, 4.90H, Ph), 7.80 ppm (d, 1.02H,
C=CH). The molecular fraction (MF) of each functional
group was estimated by 1H NMR spectrum according
to the procedure of Badawy et al. (2004). The results
Cellulose (2012) 19:1689–1700 1691
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showed that the MFs of –NHAc, –NH2, –NH-CIN and –
O-CIN were 0.11, 0.69, 0.20 and 0.78, respectively.
Therefore, the total degree of substitution (–NH-
CIN ? –O-CIN) was 0.98 and the protection efficiency
of NH2 (MF of –NH2/0.86 9 100) was about 80 %.
According to the results of molecular fraction of each
functional group, the deduced C/N weight ratio was
12.93, close to the experimental value of 12.81 from
elemental analysis (N: 4.47 %, C: 57.27 %, H: 6.28 %,
Model VarioEL-III, Heraeus, Germany).
The chemical structure of CIN-CS was also
confirmed by solid 13C NMR spectrum (Heux et al.
2000; Hiradate et al. 2004). The spectrum was
obtained at a frequency of 100.61 MHz. Experiments
were performed with a Bruker 7 mm wide-bore MAS
probe. The MAS spinning speed was 5 kHz, and the
Scheme 1 a Synthetic route of cinnamoyl-modified chitosan (CIN-CS), b synthesis and proposed structure of the crosslinked
CS-g-PEGDMA graft copolymer
1692 Cellulose (2012) 19:1689–1700
123
Author's personal copy
90 pulse time was 5.5 ls. The chemical shifts were
expressed in ppm with respect to tetramethylsilane: d
173 ppm (C=O of NHAc), 167 ppm (C=O of –O-CIN
and –NH-CIN), 129 and 134 ppm (phenyl ring), 119
and 146 ppm (C=C), 105 ppm (C-1 of GlcN unit),
83 ppm (C-4 of GlcN unit), 75 ppm (C-3 and C-5 of
GlcN unit), 60 ppm (C-6 of GlcN unit), 58 ppm (C-2
of GlcN unit), 23 ppm (CH3 of NHAc).
Swelling ratio
The pre-dried CS-g-PEGDMA membranes were cut
into a circular disc with 2 cm in diameter. They were
weighed (Wo) and subsequently immersed in the
Ringer’s solutions with different pH values at 37 C to
observe the swelling behavior. After removing the
excess water on the surface with filter paper, the
weight of the swollen samples was measured at
various time periods. The procedure was repeated
until there was no further change in the weight. The
final weight of the swollen membrane was denoted as
Weq. The equilibrium swelling ratio (SR, g/g) was then
calculated as SR = Weq/Wo.
Thermal properties
Thermal properties were measured and correlated to
the structure of the crosslinked CS-g-PEGDMA
copolymer. A differential scanning calorimeter (Dia-
mond DSC, Perkin Elmer, USA) was used to deter-
mine the glass transition temperature (Tg) of the
membranes which reflects the chain segmental mobil-
ity. Nitrogen was purged into the sample cell. About
5 mg of sample was placed in an aluminum pan and
scanned from -50 to 200 C at a heating rate of
5 C/min. A mid-point method was employed to
estimate the Tg value. Thermal degradation behavior
of membranes was also investigated to further under-
standing the thermal stability and its relation with the
copolymer structure by using a thermal gravimetric
analyzer (Hi-Res TGA 2950, TA Instruments, USA). A
certain amount of sample (about 10 mg) was placed in
a platinum pan and heated to 100 C, held for 5 min to
remove absorbed moisture, and then heated to 600 C
at a rate of 20 C/min under nitrogen atmosphere. The
onset degradation temperature (Tonset, the temperature
at 5 wt% loss) and maximum-rate degradation tem-
perature (Tmax, the first-derivative peak temperature)
were determined from the weight-loss curve.
Tensile mechanical properties
Tensile mechanical properties of CS-g-PEGDMA
membranes were measured by a universal testing
machine (Model AGS-J, Shimadzu, Japan). The
specimens were prepared through a die-cut according
to the ASTM standard D882-97. The tensile speed was
set at 0.5 mm/min.
Results and discussion
Synthesis of cinnamoyl-modified CS (CIN-CS)
For dissolving CS, MeSO3H acid was used as solvent
in this study. After dissolution, CINCl was added to
react with the CS. It was proved that the MeSO3H
could protect most C-2 amino groups of CS due to
their salt formation (Sashiwa et al. 2002). As a result,
the CINCl tended to react mostly with the hydroxyl
groups in CS. The modified CS thus could reserve
most of its amino groups and thereby its biological
functionality. The reaction route is illustrated in
Scheme 1a. Figure 1 shows the FTIR spectra of the
pure CS and CIN-CS. After reaction with CINCl, the
bands at 1,713 and 1,203 cm-1 due to the stretching
vibration of C=O and C–O–C of the ester group are
observed, proving the reaction of cinnamoyl chloride
with the hydroxyl groups of CS. The absorption band
at 1,635 cm-1 confirms the existence of C=C bond
which can be used as the initiation cite for further free
radical polymerization. The chemical structure of
CIN-CS was also confirmed by solid 13C NMR
spectrum as shown in Fig. 2. The spectrum revealed
that the basic structure of the pyranosyl ring in CS was
not affected by dissolution in MeSO3H and subsequent
reaction with cinnamoyl chloride. All the carbons in
the pyranosyl ring still remained at the same positions
in the spectrum. Moreover, additional peaks due to the
attached cinnamoyl group were observed. The peak at
167 ppm was caused by the formed ester group. The
peaks at 119 and 146 ppm were due to the vinyl
carbons, and only two peaks at 129 and 134 ppm were
observed for the phenyl ring due to the overlap.
Therefore, the results of 13C NMR spectra agree to
those of FTIR.
The molecular fraction (MF) of each functional
group was calculated by 1H NMR spectrum according
to the procedure of Badawy et al. (2004). The results
Cellulose (2012) 19:1689–1700 1693
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revealed that the MF of NHAc was 0.11, slightly lower
than the original value of 0.14. This was caused by the
hydrolysis of NHAc group by MeSO3H. The total
degree of substitution of cinnamoyl group was 0.98, in
which the MFs of –NH-CIN and –O-CIN were 0.20
and 0.78, respectively. The MF of amino group was
Fig. 1 FTIR spectra of a chitosan; b cinnamoyl-modified chitosan (CIN-CS). The substitution degree of cinnamoyl group was 0.98
Fig. 2 Solid-state 13C NMR spectrum of the cinnamoyl-modified chitosan (CIN-CS). The substitution degree of cinnamoyl group was
0.98, where the –O-CIN and –NH-CIN were 0.78 and 0.20, respectively
1694 Cellulose (2012) 19:1689–1700
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0.69 and therefore the protection efficiency was about
80 %. This value is close to those reported by Sashiwa
et al. (2002). They investigated the reactions of CS
with a series of acyl chlorides from ethanoyl chloride
to decanoyl chloride in MeSO3H and found that
64–93 % of the amino groups were protected. Nota-
bly, the molecular weight of CS was found to decrease
to about 1.6 9 104 owing to the hydrolysis of CS by
MeSO3H. Actually, this was beneficial for the photo-
polymerization, since it could decrease the viscosity of
the reaction solution. A high solution viscosity was
harmful for photo-polymerization. In addition, the
formation of gel membrane would not be affected
because all CS chains would be inter-connected
together via PEGDMA chains in the following cross-
linking process.
Synthesis of CS-g-PEGDMA copolymers via
UV-irradiation
Because of resonance effect of the adjacent benzene
ring and C=C double bond in the cinnamoyl group, the
prepared CIN-CS was sensitive to UV light. Upon
irradiation of UV light, it can be seen in Fig. 3 that the
absorbance at 280 nm decreases with irradiation time.
This is because of the breakage of conjugated p bonds
due to the absorbance of UV light. Accordingly, free
radicals would be produced on the pendant cinnamoyl
groups along the CIN-CS chains. When the PEGDMA
was pre-mixed with the CIN-CS, the produced free
radicals thus could initiate free radical polymerization
of PEGDMA, causing the grafting of PEGDMA
chains from the CS chains and the subsequent
crosslinking among all CS chains and PEGDMA
chains as illustrated in Scheme 1b. The yield, conver-
sion and grafting ratio of PEGDMA for different
reaction systems are summarized in Table 1. The
conversion was increased by increasing the added
amount of PEGDMA. Yet, the increase became
unobvious when the PEGDMA was added in greater
amount than the CIN-CS. For the grafting ratio of
PEGDMA, it was increased almost linearly with the
added amount of PEGDMA. FTIR was used to
characterize the chemical structure of the copolymer
membranes. Figure 4 shows the FTIR spectra of the
copolymer membrane, CS-g-PEGDMA3, and the
pure PEGDMA membrane (X-PEGDMA) which was
prepared by UV-irradiation with the addition of a
photo-initiator, 2-hydroxy-2-methylphenyl-1-propa-
none. In addition to the characteristic absorption
bands from the CIN-CS, the FTIR spectra of the CS-g-
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Fig. 3 UV spectra of the CIN-CS sample under different
exposure times of UV-irradiation
Table 1 Yield, conversion (X) and grafting ratio (GR) of CS-g-PEGDMA copolymers from CIN-CS and PEGDMA after
UV-initiated free radical polymerization
Sample CIN-CS (g) PEGDMA (g) Yield (%)a X (%) GR
CS-g-PEGDMA1 0.40 0.20 83 ± 1 49 ± 1b 0.25 ± 0.01
CS-g-PEGDMA2 0.40 0.30 87 ± 1 70 ± 2 0.53 ± 0.02
CS-g-PEGDMA3 0.40 0.40 90 ± 2 80 ± 3 0.80 ± 0.05
CS-g-PEGDMA4 0.40 0.50 92 ± 2 85 ± 3 1.06 ± 0.03
CS-g-PEGDMA5 0.40 0.60 92 ± 1 86 ± 1 1.29 ± 0.01
X-PEGDMAc 0 0.40 97 ± 1 97 ± 1 –
a The yield was calculated from the weight of the reaction product divided by the total weight of reactants
b Mean value and standard deviation. Three determinations were averaged for each sample
c X-PEGDMA: UV-cured PEGDMA membrane with the addition of photo initiator
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PEGDMA membranes revealed the absorption bands
at 1,722 and 1,030 cm-1 due to the stretching of C=O
and –C–O–C– from the PEGDMA, respectively.
These results prove that the PEGDMA was success-
fully grafted to the CIN-CS and as the reaction
proceeded, the PEGDMA chains would inter-connect
CS chains to form a crosslink structure.
Swelling ratio of CS-g-PEGDMA membranes
The CS-g-PEGDMA copolymers could form gel
membranes due to their hydrophilic nature. For the
pure X-PEGDMA membrane, it had a low swelling
ratio of about 1.25, indicating it had a high crosslink-
ing density. In addition, its swelling ratios were almost
the same in both pH 2 and pH 7 solutions. However, all
CS-g-PEGDMA membranes exhibited higher swell-
ing ratios in the pH 2 solution than in the pH 7 solution
as shown in Fig. 5. This proves that the amino groups
were successfully protected in the cinnamoylation
process. There were about 80 % of the original amino
groups still remained after reaction as mentioned
previously. It is known that CS becomes a cationic
polysaccharide in the acidic environment due to the
protonation of its amino group. The repulsion force of
positive NH3
? groups in the acidic solution leads to
Fig. 4 FTIR spectra of a X-PEGDMA (UV-cured PEGDMA membrane with the addition of photo initiator); b CS-g-PEGDMA3 with
a grafting ratio of 0.80
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Fig. 5 Equilibrium swelling ratio of various CS-g-PEGDMA
membranes with different grafting ratios of PEGDMA in two
aqueous solutions, pH 2 and pH 7
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the extension of polymer chains. Therefore, the water
uptake of CS and its derivatives would be higher in the
acidic aqueous solution. It also can be seen in Fig. 5
that increasing the grafting ratio of PEGDMA
decreased the swelling ratio of CS-g-PEGDMA
membrane. This is because the crosslinking density
was increased with an increase in the grafting ratio,
thus decreasing the swelling ratio. The same result was
found by Yin et al. (2010). They synthesized a series of
hydrogels based on methacrylated dextran, methacry-
lated concanavalin A and PEGDMA. With the
increase of PEGDMA, the crosslinking density was
increased and the swelling ratio was decreased.
Thermal properties of CS-g-PEGDMA
membranes
Since the glass transition temperature (Tg) is a reflection
of chain segmental mobility, the Tg values of various
CS-g-PEGDMA copolymer membranes would give us
a more understanding of the copolymer structure and
the interaction between the two components. Figure 6
shows the DSC thermograms of pure CS and several
CS-g-PEGDMA membranes from which the Tg values
are determined. They are summarized in Table 2. After
reaction with cinnamoyl chloride in MeSO3H, the
produced CIN-CS had a lower Tg (132 C) than the
original CS (161 C). This is because of the diminution
of intermolecular hydrogen bonding force due to the
substitution of the pendent bulky cinnamoyl group.
The decreasing molecular weight of CIN-CS due to the
hydrolysis by MeSO3H might also have the effect on the
decrease of Tg. After grafting and crosslinking with
PEGDMA, the Tg value was increased first to about
156 C for the CS-g-PEGDMA1 with a grafting ratio of
0.25. Apparently, this is due to the crosslinking of CS
chains by PEGDMA which restricts the chain-segmen-
tal motion. However, it was observed that further
increasing the grafting ratio decreased the Tg value of
CS-g-PEGDMA. It is believed that there were some
interactions between the CS chains and PEGDMA
chains, and therefore, the depression of Tg was due to
the flexible PEGDMA chains which had a Tg of only
11 C. Ganji and Abdekhodaie (2010) synthesized CS-
g-poly(lactide-co-glycolide) (CS-g-PLGA) copolymer
membranes by grafting various amounts of PLGA onto
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Fig. 6 DSC thermograms of the chitosan and various CS-g-
PEGDMA membranes. Grafting ratios of CS-g-PEGDMA1,
CS-g-PEGDMA3 and CS-g-PEGDMA5 were 0.25, 0.80 and
1.29, respectively. The heating rate was 5 C/min
Table 2 Glass transition temperature (Tg), onset degradation temperature (Tonset), maximum-rate degradation temperature (Tmax)
and char yield of various CS-g-PEGDMA membranes along with CIN-CS and crosslinked X-PEGDMA
Sample Tg (C) Tonset (C) Tmax (C) Char yield (%)
Chitosan 161 295 320 32.4
CIN-chitosana 132 244 315 28.6
CS-g-PEGDMA1 156 268 325, 416 15.9
CS-g-PEGDMA2 144 274 324, 417 15.5
CS-g-PEGDMA3 131 277 329, 426 12.8
CS-g-PEGDMA4 104 279 327, 423 12.7
CS-g-PEGDMA5 90 283 331, 423 11.9
X-PEGDMAb 11 332 417 0.3
a CIN-CS: cinnamoyl-modified chitosan with a degree of substitution of 0.98
b X-PEGDMA: UV-cured PEGDMA membrane with the addition of photo initiator
Cellulose (2012) 19:1689–1700 1697
123
Author's personal copy
the CS membrane. They also found that increasing the
amount of PLGA in the copolymer would decrease the
Tg value of the CS-g-PLGA copolymer. In our study,
for the CS-g-PEGDMA5 with a grafting ratio of 1.29,
the Tg was lowered to about 90 C. Apparently, the
flexible PEGDMA chains had a dominant effect on the
Tg of chitosan.
Thermal degradation behavior of various CS-g-
PEGDMA membranes was also investigated. The
results are shown in Fig. 7 and Table 2. The Tonset (the
temperature at 5 wt% loss) and Tmax (the first-
derivative peak temperature) values of pure CS were
located at 295 and 320 C, respectively. After reaction
with cinnamoyl chloride, the CIN-CS exhibited a
lower onset degradation temperature at 244 C, yet it
had almost the same maximum-rate degradation
temperature as the pure CS. This demonstrates that
the lower onset-degradation temperature of the CIN-
CS should be attributed to the degradation of pendant
cinnamoyl groups. After grafting the PEGDMA chains
which propagated from the cinnamoyl groups on the
modified chitosan, the Tonset was consequently raised
due to the formation of the crosslink structure. It has
been mentioned previously that increasing the added
amount of PEGDMA increased the grafting ratio and
crosslinking density of the copolymer membrane.
Therefore, the Tonset value of the membrane increased
with the grafting ratio as well. The Tonset of the CS-g-
PEGDMA5 with a grafting ratio of 1.29 was 283 C,
nearly 40 C higher than that of the CIN-CS. In
addition, a two-stage degradation behavior was
observed for all CS-g-PEGDMA membranes with
two maximum-rate degradation temperatures as
revealed in Fig. 7b. The first-stage degradation was
correspondent to the degradation of CS chains, while
the second-stage degradation was caused by the
PEGDMA chains. The Tmax values of various CS-g-
PEGDMA membranes are summarized in Table 2.
The fact that similar degradation temperatures with
respect to their individual components in all CS-g-
PEGDMA membranes were observed demonstrates
their grafting structure in the copolymers. Table 2 also
displays the char yield (%) of various CS-g-PEGDMA
membranes. The char yield of CIN-CS was approx-
imately 28.6 % at 600 C, while there was almost no
residual left for the X-PEGDMA. As a result,
increasing the grafting amount of PEGDMA in the
membrane decreased the char yield at 600 C.
Tensile mechanical properties of CS-g-PEGDMA
membranes
Tensile mechanical properties including initial mod-
ulus (E), ultimate tensile strength (UTS) and elonga-
tion at break (eb) of various CS-g-PEGDMA
membranes were measured. The results are summa-
rized in Table 3. It was found that the initial modulus
decreased with an increase in the grafting amount of
PEGDMA. This is because the introduction of soft
PEGDMA chains would decrease the intrinsic rigidity
of material. On the contrary, the elongation at break
increased and reached a plateau value of about 5.2 %
as the grafting ratio was increased to about 0.80 for the
CS-g-PEGDMA3. In addition, the ultimate tensile
strength was found to increase with the grafting ratio
of PEGDMA to a moderate level. The reason for the
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increase is due to the increase in crosslinking density
that would prevent the earlier failure of material. Yet,
excess grafting of PEGDMA started to cause a
decrease in the tensile mechanical strength. A max-
imum value thus was observed for the CS-g-PEG-
DMA3 membrane. As a result, the CS-g-PEGDMA3
membrane had the optimum tensile mechanical prop-
erties of the membranes studied in this research.
Conclusions
In this study, the UV-sensitive CS was prepared by
reacting CS with cinnamoyl chloride in MeSO3H. The
reaction mainly occurred on the hydroxyl groups at the
C-6 and C-3 positions, whereas most amino groups at
the C-2 position were protected due to the salt
formation with MeSO3H. Consequently, the biologi-
cal function of CS could be reserved. PEGDMA was
then introduced to graft and crosslink CS chains to
form CS-g-PEGDMA copolymer membrane via UV-
irradiation without using any photo-initiator. The graft
structure of the copolymers was demonstrated by the
observance of a two-stage degradation behavior in all
copolymer membranes. In addition, all CS-g-PEG-
DMA membranes were pH-sensitive due to the
existence of the chitosan component, where they had
higher swelling ratio in the pH2 solution than in
the pH7 solution. The glass transition temperature of
the copolymer membrane was decreased due to the
incorporation of the soft PEGDMA, and the toughness
was increased. Among these membranes prepared in
this study, the one with a grafting ratio of 0.80 had the
best ultimate tensile strength and elongation at break.
These copolymer membranes combining CS and PEG
components thus have the potential to be used as
biomedical membranes.
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